We investigated whether a cooling vest worn during an active warm-up enhances 5-km run time in the heat. Seventeen competitive runners (9 males, V @ O 2max = 66.7 ± 5.9 ml/kg/min, 8 females V @ O 2max = 58.0 ± 3.2 ml/kg/min) completed two simulated 5-km runs on a treadmill following a 38-min active warm-up during which they wore either a t-shirt ( Most of these differences were eliminated during the first 3.2 km of the run and these variables were not different at the end. 5-km run time was significantly lower (p < 0.05) by 13 s in V than C, with a faster pace most evident during the last two-thirds of the run. We conclude that a cooling vest worn during active warm-up by track athletes enhances 5-km run performance in the heat. Reduced thermal and cardiovascular strain, and perception of thermal discomfort in the early portion of the run appear to permit a faster pace later in the run.
Introduction
Athletic competition often takes place during the summer months in hot climates. It is well established that high ambient temperature is detrimental to endurance performance such as distance running (1, 12, 21, 24, 30, 32) . A rise in core temperature (T c ) during exercise and heat stress to a critical level of about 40 O C causes fatigue (13, 21, 25) . Hyperthermia during moderately-prolonged, strenuous exercise increases cardiovascular strain (33) , reduces maximal oxygen uptake (V @ O 2max ) and increases relative metabolic strain (2) , and detrimentally affects central nervous system functioning (6, (26) (27) (28) .
Laboratory studies have shown lowering T c prior to exercise (precooling) can delay fatigue during constant-rate exercise (13, 20) or increase the work performed in a given period of time (4,13). Precooling increases the heat storage possible before a critical temperature that limits performance is reached. However, despite considerable research suggesting the effectiveness of precooling for improving performance of moderately-prolonged exercise (22) , there is little evidence that precooling could be used to improve performance of athletes in competition. Most studies on the effects of precooling have used methods of precooling (water immersion, cold air) that would not be feasible for athletes immediately prior to competition. Moreover, studies have not incorporated a period of active warm-up, that most athletes believe is important to optimize neuromuscular function, into the protocol. And finally, studies have not assessed the effects of precooling on high-level competitive athletes using a measure of performance that mimics their performance in competition.
The purpose of this study was to determine the effect of wearing a cooling vest during a typical, active warm-up on simulated 5-km run performance in moderately-hot, humid ambient conditions in male and female middle-and long-distance runners. Associated physiological and perceptual effects of wearing a cooling vest were also studied to provide Precooling and 5-km run performance JAP-00979-2001.R1 2 insight into the mechanism underlying performance enhancement, if it occurs. It was hypothesized that: 1) 5-km run performance following a warm-up while wearing a cooling vest is enhanced compared to a run after a warm-up when no cooling vest is worn. 2) There is no difference in the effect of wearing a cooling vest during warm-up between male and female runners. And, 3) improved performance is associated with reduced skin (T sk ) and core temperatures, reduced heart rate (HR), and reduced thermal discomfort during the early portion of the simulated 5-km run, but the same values for these measures at exhaustion.
Methods
Subjects: Seventeen healthy, male (n=9) and female (n=8) competitive collegiate and club middle-and long-distance runners were recruited as subjects. Their physical characteristics are presented in Table 1 . There were four 800-m, two 1,500-m, five 5,000-m, five 10,000-m, and one marathon specialists. The men and women had averaged 102.3 ± 17.7 and 76.4 ± 21.8 km/wk of running for the last 7.7 ± 5.2 and 6.8 ± 2.4 yr, respectively, and were accustomed to exercising in a hot environment. The study was approved by the University's Institutional Review Board and written informed consent was obtained before testing.
Experimental design: A repeated-measures experimental design in which subjects served as their own control was used. Following preliminary testing of V @ O 2max and body composition (skinfolds), the subjects completed simulated 5-km runs on a treadmill in an environmental chamber (32 O C, 50% RH) under two experimental conditions in counterbalanced order: 1) An experimental condition in which subjects wore a cooling vest with ice packs during warm-up (V) and 2) a control condition in which subjects wore a regular T-shirt during warm-up (C). All subjects were tested at the same time of the day to of Neoprene and has 8 pockets for ice packs (450-500 ml each), 2 on the chest, 2 on the stomach, 2 over the shoulder blades, and 2 on the lower back. The subjects were told we were investigating whether wearing a cooling vest during warm-up helped (because of cooling) or hindered (because of the weight of the vest) running performance.
Test protocol. Subjects reported to the laboratory following a 3-h fast, but well hydrated. They were instructed not to consume alcohol or drugs 48 h prior to testing, not to consume caffeine 12 h prior to testing, and to drink water and other non-caffeinated beverages liberally. Urine specific gravity ranged from 1.001-1.0265 g/ml and there was no difference between conditions or between men and women. On the morning of the test, subjects completed a 24-h history questionnaire designed to determine adherence to pretest instructions. Then, subjects measured their nude body weight; inserted rectal and esophageal thermistors for measurement of T c ; thermistors for measurement of T sk were attached, taking care to be sure the back skin temperature probe was not in contact with the ice packs in the cooling vest; and, a strap containing the electrodes and transmitter for a HR monitor was placed around the chest. Finally, subjects put on the cooling vest or the T-shirt and entered the environmental chamber.
The subjects then completed a 38 min warm-up that was typical of what they would do before competition, followed by a simulated 5-km run. HR, rectal (T re ), esophageal (T es ), and skin temperatures were recorded every 5 min during the first 25 min of the warm-up and every min thereafter during the warm-up and the simulated runs. 
Test procedures:
To elicit V @ O 2max , subjects ran to exhaustion on a treadmill at a constant speed, with the grade increasing 2% every 2 min following a protocol described in detail elsewhere (2) . In short, a graded exercise test to exhaustion was administered, after which all subjects rested for 20 min and then ran to exhaustion at a grade 2% higher than the grade at the end of the graded test. Using this protocol all subjects demonstrated a plateau in
The warm-up protocol performed prior to the two simulated 5-km run trials was the same and designed to simulate a warm-up distance runners might do before a race. After subjects had been prepped and had entered the chamber, they mounted the treadmill and resting measures were collected. Then, they performed a 10-min warm-up at their normal warm-up speed (established during the preliminary testing), followed by 10 min of stretching exercises. Next, the subjects ran again for 10 min on the treadmill at little faster (~ 1.6 km/hr) pace than during the first 10 minutes. Then, 4 20-30-s strides at just below and just above the simulated race pace were conduced with 30-40 s rest. Finally, the subjects took off the cooling vest or the T-shirt, inserted a mouthpiece for collection metabolic data, and pre- The speed during the simulated 5-km run was initially set to the average speed that corresponded to the 5-km run time the runners felt they were capable of running at the time.
This judgement was based on times they had run recently and their personal best time, taking into account their recent training and current level of fitness. Thereafter, the speed was increased or decreased as requested by the runners. Distance was determined from product of treadmill belt length and number of revolutions. Subjects ran until the requisite revolutions (counts) were completed. The runners were informed of distance completed every 400 m and were given 400-m splits, but were not told the total time elapsed during the run or their 5-km performance times until the study was completed.
During the warm-up, the subjects drank water at libitum. The amount of water ingested during the first condition was recorded and they were asked to drink the same amount of water during the other condition. The water ingested ranged from 0.0-0.68 L and there was no difference between conditions or between men and women. Thermal sensation was measured on a 5-point category scale (1 corresponding to "neutral"
and 5 corresponding to "as hot as possible") modified from Gagge et al. (11) . Body weight
was measured with an electronic scale (A&D Co. Ltd., Tokyo, Japan, model FW-150KA1).
Body density was estimated from the sum of 7 skinfolds measured with Lange calipers and age (16, 17) and % body fat was estimated using the Siri (34) equation.
Calculations: Mean skin temperature (T sk ) was calculated according to the formula of Burton (7);
where T 1 , T 2 , and T 3 are back, thigh, and forearm skin temperatures, respectively. Mean body temperature (T b ) was calculated from T re and T sk with the following formula:
Rate of heat storage (S) was calculated as (19) . Heat exchange by radiation (R) was calculated similarly:
where h r is the radiative heat exchange coefficient calculated with the formula from Kenney (19), 0.72 is the projected area of the body (19) , and in both these formulas T r is assumed to be the same as T db (19) . Because body weight was measured only before the warm-up and after the 5-km run, evaporative heat loss (E) during the run was calculated by difference using the heat balance equation, assuming no conduction. isolated Gender x Condition interactions were statistically significant (HR at rest, T sk before the 5-km run, S at 3.2 km, and T es at 5 km), but in three of these cases the pattern of the gender differences was the same (e.g. V lower than C in men and women). For T es at 5 km, the differences between conditions were in the opposite direction, but were very small.
Otherwise, there were no significant Gender x Condition interactions. Therefore, the data for male and females was combined. A two-tailed α level of 0.05 was used for all significance tests. 5-km run performance: 5-km run time was significantly less in V than C by 1.1% (Table 3 ). The magnitude of difference was similar for men and women as indicated by the lack of a significant Gender x Condition interaction effect in the two-way ANOVA. Twelve runners ran faster after warming up in V, with the remaining 5 running faster in C. For the combined group of men and women, the time difference was 0 s at 1.6 km, 7 s at 3.2 km and 13 s at 5 km. Improved performance occurred primarily in the middle and at the end of the run.
Results

Warm-up:
Responses during the 5-km run: Although V @ O 2 was slightly higher in V during the 5-km-run (0.03-0.04 l/min), the difference was not statistically significant (Table 4) . Runners maintained a pace that averaged 81-85% of V @ O 2max . HR was lower by 3 ± 5 bpm at 1.6 km into the run, but there was no significant difference thereafter. Runners averaged 93-100% of the maximal HR determined during pretesting. RER values were above 1.0 throughout the run. Although RPE tended to be lower on average in V than C by 0.5-0.7 during the first 3.2 km, those differences were not statistically significant. RPE values were similar at the end of the 5-km run. Blood lactate concentration at the end of exercise was ~ 6 mmol/l with no statistically significant difference between conditions. The mean values for lactate, HR, RER, and RPE suggest the runners gave a similar, maximal effort under both conditions.
There was no difference between conditions in pre-exercise weight, but significantly more weight was lost in C than V.
Although T sk was significantly lower in V than C at start of exercise, this difference was rapidly eliminated as T sk in C decreased 1. (Table 5 ). There were only small differences in metabolic heat production, and convective and radiative heat loss, and the greater S was due to less evaporative heat loss in V than C. Using the heat balance equation 
Discussion
The unique aspect of this study was that it was designed to investigate the feasibility of precooling during warm-up as an ergogenic aid to enhance competitive distance running These studies provide strong evidence that precooling can improve running endurance or distance run in a fixed time, but whether this means that precooling is a useful ergogenic aid for track athletes is unclear. Although resting in cold air or cold water immersion could be used for precooling, it would not be practical because it would make active warm-up, considered by most track athletes to be important to optimize neuromuscular performance, difficult. Our study is the first to investigate whether precooling during a typical, active warm-up prior to a competitive event is effective in improving performance. The cooling vest we used, designed for Australian Olympic athletes prior to the Atlanta Olympic games, Our data suggest that only relatively small decreases in T sk and T b , coupled with a small decrease in T re , also can improve performance.
The disadvantage of the cooling vest as a means of precooling is that it is somewhat heavy (~ 4.5 kg). The vest does not interfere with running or stretching, but it increases the energy cost of running. We offset this effect by decreasing the speed of running during warm-up in V compared to C, so that running elicited the same estimated %V @ O 2max in the two conditions. Twelve of 16 runners asked liked wearing the vest during warm-up better than not wearing it. The reasons they gave were that the they felt cooler and perceived they Precooling during active warm-up improved performance in the 5-km run, which lasted between 15.6 and 22.8 min in our male and female runners. Whether it improves performance in shorter, higher-intensity or longer, lower-intensity track events is unknown.
However, in other studies, precooling has improved performance in tasks requiring all-out efforts as short as 70 s (23) and as long as 60 min (14) . These data suggest that performance in track events between approximately 600 m and 10,000 m might be improved through precooling. Logic would suggest that performance in a much longer event such as the marathon probably would not be improved by precooling, because the physiological and perceptual effects are lost in a relatively brief time at the onset of exercise in events in which the work rate is not fixed. Nevertheless, it is possible athletes continue to benefit in the later
states of an event after the effects of precooling are eliminated. The upper limit in duration for athletic events that benefit from precoooling remains to be determined.
Although the mechanism through which precooling improves performance in comfortable as well as in hot ambient conditions is not known, it is thought that by reducing the body heat content prior to exercise, cardiovascular strain is lower, more work can be performed before a critical level of hyperthermia associated with fatigue is reached, and the perceptions of thermal discomfort and effort that may provide cues concerning the highest intensity possible are lower (22) . The combination of these effects appears to permit a higher intensity to be maintained during the latter stages of a performance test. In our study, the increases in body temperatures, HR, and perception of thermal discomfort during warm-up were blunted by wearing the cooling vest, so that they were lower at the start of the 5-km run.
These responses to precooling have been observed by others (4, 6, 8, 13, 14, 18, 20, 29) and were expected, although the extent to which they would occur during an active warm-up with the cooling vest used was unknown. Most of these effects of precooling were eliminated by the end of the first 3.2 km, although T re continued to be significantly lower through 3.2 km.
Surprisingly, pace during the 5-km run was not substantially greater during the first 1.6 km when the effects of precooling were largest; most of the improvement in performance occurred because of a faster pace maintained later in the run, when the effects of precooling were smaller or not evident. In the 12 runners who performed better in V, an average 17.4%
of their improvement occurred in the first one-third (1.6 km) and 55.0% in the second onethird (between 1.6 and 3.2 km) of the run (Table 3 ). This suggests that these runners started out at a similar pace in both conditions but realized after the first 1.6 km that they could do better and increased the pace. Hence, the largest portion of their improvement in the second one-third of the run. One hypothesized mechanism through which precooling may enhance performance is that by lowering the T c prior to beginning exercise, greater heat storage is possible during exercise before T c rises to a critical level that causes fatigue. Considerable research on humans (13, 21, 25) and animals (9, 36) Thermal Discomfort 3.4 ± 0.9 3.1 ± 0.9 4.0 ± 0.7 3.9 ± 0.7 4.6 ± 0.5 4.4 ± 0.7
Lactate (mmol/l) 5.7 ± 1.4 6.1 ± 1.9
Wt. loss (kg) ‡ 1.2 ± 0.4* 1.0 ± 0.4 V @ O 2 = oxygen uptake, %V @ O 2max = percent of maximal oxygen uptake, HR = heart rate, %HR max = percent of maximal heart rate (from preliminary testing), RER = respiratory exchange ratio, RER= Respiratory exchange ratio, RPE = ratings of perceived exertion, Wt. 
